Abstract: This study investigated the feasibility of using an alkaline pressure oxidative leaching process to treat lead smelter flue dust containing extremely high levels of arsenic with the aim of achieving the selective separation of arsenic. The effects of different parameters including NaOH concentration, oxygen partial pressure, liquid-to-solid ratio, temperature, and time for the extraction of arsenic were investigated based on thermodynamic calculation. The results indicated that the leaching efficiency of arsenic reached 95.6% under the optimized leaching conditions: 80 g/L of NaOH concentration, 1.0 MPa of oxygen partial pressure, 8 mL/g of liquid-to-solid ratio, 120 • C of temperature, 2.0 h of time. Meanwhile, the leaching efficiencies of antimony, cadmium, indium and lead were less than 4.0%, basically achieving the selective separation of arsenic from lead smelter flue dust. More than 99.0% of arsenic was converted into calcium arsenate product and thus separated from the leach solution by a causticization process with CaO after other metal impurities were removed from the solution with the addition of Na 2 S. The optimized causticization conditions were established as: 4.0 of the mole ratio of calcium to arsenic, temperature of 80 • C, reaction time of 2.0 h. The resulting product of calcium arsenate may be used for producing metallic arsenic.
Introduction
The smelting utilization of lead concentrate, which is processed in the pyrometallurgical process, produces huge quantities of flue dust with a considerable amount of various elements, such as Pb, Cu, Fe, As, Cd, Sb, Zn, Bi, and Ag [1] . Arsenic is the main unfavorable element of concern in the dust, and is getting more and more attention with the improvement of public awareness of environmental protection due to its toxicity, volatility, bioaccumulation in the environment, and potential carcinogenic propensities [2] . During the smelting process, the main part of the total input of arsenic from the lead concentrate is eliminated through the gas phase, subsequently creating lead smelter flue dust [3] .
The high content of arsenic not only effectively reduces the economic value of lead smelter flue dust due to requirements for further operations of hazardous emissions, but also creates great risks to the environment and the human body [4, 5] . Arsenic has been classified as a Group 1 human carcinogen by the international agency for research on cancer, and arsenic exposure is associated with an increased incidence of human malignancies in skin, lungs, bladder, and liver [6] [7] [8] . As mentioned above, although arsenic in nature has many negative effects, there is still value and necessity in
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Materials
The powder sample of the dust used in this study was obtained from a lead smelter (Hunan, China). The high-arsenic dust (As > 30 wt. %) could not be recirculated back into the smelting system and converting process [22] . The original dust was firstly dried at 100 • C for 24 h in a draught drying cabinet and then crushed, ground and mixed to a homogeneous powder for the preparation of analytical and experimental samples [23, 24] . The main chemical composition of the high-arsenic dust is given in Table 1 . As can be seen, the high-arsenic dust contained up to 34.2% arsenic and a certain amount of valuable metals, making it essential to remove the arsenic in advance for preventing secondary pollution and recycling resource. The XRD pattern of the sample shown in Figure 1 indicates that the phase of arsenic in the high-arsenic dust was mainly in the form of As 2 O 3 . The phase of lead was mainly in the form of lead (II) chloride fluoride (PbClF), and no other apparent mineral phase could be identified in the high-arsenic dust due to the amorphous nature and the relatively low content. The SEM images of the original materials and the chemical composition determined by EDS are presented in Figure 2 . It was apparent that the As 2 O 3 existed in cubic crystal and the result of the EDS pattern with the corresponding area in Figure 2d was basically consistent with the results analyzed by XRD. 
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Materials
The powder sample of the dust used in this study was obtained from a lead smelter (Hunan, China). The high-arsenic dust (As > 30 wt. %) could not be recirculated back into the smelting system and converting process [22] . The original dust was firstly dried at 100 °C for 24 h in a draught drying cabinet and then crushed, ground and mixed to a homogeneous powder for the preparation of analytical and experimental samples [23, 24] . The main chemical composition of the high-arsenic dust is given in Table 1 . As can be seen, the high-arsenic dust contained up to 34.2% arsenic and a certain amount of valuable metals, making it essential to remove the arsenic in advance for preventing secondary pollution and recycling resource. The XRD pattern of the sample shown in Figure 1 indicates that the phase of arsenic in the high-arsenic dust was mainly in the form of As2O3. The phase of lead was mainly in the form of lead (II) chloride fluoride (PbClF), and no other apparent mineral phase could be identified in the high-arsenic dust due to the amorphous nature and the relatively low content. The SEM images of the original materials and the chemical composition determined by EDS are presented in Figure 2 . It was apparent that the As2O3 existed in cubic crystal and the result of the EDS pattern with the corresponding area in Figure 2d was basically consistent with the results analyzed by XRD. 
Experimental Setup and Procedure
An experimental schematic diagram of the proposed process is presented in Figure 3 . The experiments of the APOL were conducted in an autoclave, which consisted of a kettle body, a kettle cover, a stirring motor, a heater, a cooling system and an electric control cabinet. The oxygen tank was used as an accessory device to provide stable and continuous oxygen partial pressure. The kettle body and the kettle cover were made of stainless steel, and a pressure gauge was placed on the kettle cover. Temperature, voltage, time, stirring speed and switches of the autoclave were controlled by the electric control cabinet. For each test, 50 g of the high-arsenic dust and NaOH solution with the scheduled liquid-to-solid ratio and concentration were firstly mixed and poured into the autoclave, which had been washed with NaOH solution. Then the autoclave was sealed and heated under stirring at 220 V, and the cooling water of the stirring motor was also turned on. When heating to the desired temperature, the main valve and the partial pressure valve of the oxygen tank were opened to control the pressure inside the autoclave. After the required leaching time had been reached, the heating function and the inlet valve were turned off, and the cooling water was fed into the cooling system to cool the autoclave to about 70-80 °C. At the end of each experiment run, the slurry in the autoclave was pumped after opening the kettle cover and vacuum filtrated to separate the solids from the solution. The filtrate was measured for volume using a measuring cylinder and sampled for chemical composition by ICP. The remaining leach residue was washed with deionized water several times and then dried, weighed, and ground, followed by digestion and chemical composition analysis.
After other metal impurities were removed from the leachate with the addition of Na2S [25] , the purified leachate was then subjected to the causticization process, which was performed to 
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final solution and solid products were then analyzed by ICP, XRD and SEM-EDS.
In addition, all reagents used for experiment and chemical analysis in this study were of analytical grade, including the NaOH used in the leaching, the Na2S used for purification, the CaO used in causticization, etc. Meanwhile, oxygen (O2) with 99.9% purity was used in the APOL experiments, and deionized water was prepared through a laboratory water purification system (Medium-1600). 
Analytical Methods
The leaching results were evaluated by chemically determining the original materials and leach products using ICP, XRD and SEM-EDS. The element concentrations of both solid and solution samples were determined by ICP (ICAP7400 Radial, Intrepid II XSP, Waltham, MA, USA), and each sample was measured at least three times [26] [27] [28] . 1 mL of leachate was diluted with 500 mL 10% HNO3 medium to provide a sample with the appropriate concentration. 0.1 g of leach-concentrated hydrochloric acid (HCl) and nitric acid (HNO3) were place on a hot plate and diluted with 500 mL 10% HNO3 medium to provide a sample with the appropriate concentration. The other solid samples were prepared in the same manner, with 10% HNO3 as the dilution medium to prevent hydrolysis. In addition, the compositions of the original materials and solid samples were analyzed using XRD (Bruker-axs D8 Advance, Karlsruhe, Germany) to observe changes in phase formations [29] . The particle shapes and the elemental compositions were observed by SEM (JEOL, JSM-6490LV, Tokyo, Japan) coupled with EDS (EDAX, NEPTUNE TEXS HP, McKee Drive Mahwah, NJ, USA).
Results and Discussion
Eh-pH Diagram
Eh-pH diagrams show the thermodynamic stability areas of different species in an aqueous solution. Stability areas are presented as a function of pH and electrochemical potential scales. In the present study, the As-H2O system was used as guidance in pH and potential values of the leaching situation. The Eh-pH diagram of the As-H2O system at 120 °C was calculated by HSC Chemistry 6.0. Please note that the concentrations of related ions were fixed at 1 mol/L, and both the partial pressures of oxygen and hydrogen were at the standard atmospheric pressure of 101,325 Pa. Figure 4 shows that increasing the potential value was beneficial to the conversion of As → As(III) → As(V). In alkaline solution, the concentration of H + is so low that most of As(V) exists as monomeric AsO [30] . After other metal impurities were removed from the leachate with the addition of Na 2 S [25], the purified leachate was then subjected to the causticization process, which was performed to precipitate arsenic with CaO powder in a flask with three necks. At the end of the causticization experiment, the slurry in the flask was vacuum filtrated, measured for volume, and sampled. The final solution and solid products were then analyzed by ICP, XRD and SEM-EDS.
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Results and Discussion
Eh-pH Diagram
Eh-pH diagrams show the thermodynamic stability areas of different species in an aqueous solution. Stability areas are presented as a function of pH and electrochemical potential scales. In the present study, the As-H 2 O system was used as guidance in pH and potential values of the leaching situation. The Eh-pH diagram of the As-H 2 O system at 120 • C was calculated by HSC Chemistry 6.0. Please note that the concentrations of related ions were fixed at 1 mol/L, and both the partial pressures of oxygen and hydrogen were at the standard atmospheric pressure of 101,325 Pa. Figure 4 shows that increasing the potential value was beneficial to the conversion of As → As(III) → As(V). In alkaline solution, the concentration of H + is so low that most of As(V) exists as monomeric AsO 3− 4 [30] .
slowly dissolve lead, copper, cadmium and their oxides in strong alkaline solution. This means that the proper concentration of NaOH can avoid the leaching of these metals. Zinc and its oxides are soluble both in acid solution and alkaline solution. The contents of bismuth, indium and tin of the high-arsenic dust are extremely low, and these elements are not the main object of the present investigation.
In summary, the Eh-pH diagram of As-H2O system indicated that a strong alkaline solution and an oxidative environment were essential conditions for the conversion of As2O3 to AsO , while also avoiding the leaching of antimony. That is to say, selective separation of arsenic from lead smelter flue dust by the APOL process is feasible in thermodynamics. 
Alkaline Pressure Oxidative Leaching
The possible reactions of As2O3 and Sb2O3 in NaOH-O2 leaching system are expressed as Equations (1) and (2):
The thermodynamic parameters of Equation (1) at different temperatures were calculated as shown in Table 2 , which indicated that Equation (1) was thermodynamically feasible. Please note that the dissolution behaviors of arsenic and antimony are similar in a single alkaline leaching system. However, the strong oxidative condition of the APOL process can be used to avoid the leaching of antimony due to the different transformations of arsenic and antimony. In the case of sufficient alkalinity, the low-solubility As 2 O 3 can be completely oxidized to AsO 3− 4 by dissolved O 2 for the conversion of As(III) to As(V) and to form soluble sodium arsenate (Na 3 AsO 4 ), while diantimony trioxide (Sb 2 O 3 ) is transformed into insoluble sodium antimonate hydrate (NaSb(OH) 6 ) [31] .
For other elements, lead, copper, cadmium can be oxidized to soluble species in acid solution and to insoluble species in neutral or alkaline solution. However, excessive hydroxyl ion (OH − ) can slowly dissolve lead, copper, cadmium and their oxides in strong alkaline solution. This means that the proper concentration of NaOH can avoid the leaching of these metals. Zinc and its oxides are soluble both in acid solution and alkaline solution. The contents of bismuth, indium and tin of the high-arsenic dust are extremely low, and these elements are not the main object of the present investigation.
In summary, the Eh-pH diagram of As-H 2 O system indicated that a strong alkaline solution and an oxidative environment were essential conditions for the conversion of As 2 O 3 to AsO 3− 4 , while also avoiding the leaching of antimony. That is to say, selective separation of arsenic from lead smelter flue dust by the APOL process is feasible in thermodynamics.
The possible reactions of As 2 O 3 and Sb 2 O 3 in NaOH-O 2 leaching system are expressed as Equations (1) and (2):
The thermodynamic parameters of Equation (1) at different temperatures were calculated as shown in Table 2 , which indicated that Equation (1) was thermodynamically feasible. Alkaline leaching is more likely to achieve selective arsenic removal than acid leaching, and the effect of NaOH concentration on the APOL process was firstly investigated under the following conditions: temperature of 120 • C, liquid-to-solid ratio of 8 mL/g, time of 2.0 h, oxygen partial pressure of 1.0 MPa and stirring speed of 250 rpm. Figure 5a illustrates the leaching efficiencies of arsenic and antimony over an alkalinity range from 20 g/L to 100 g/L of NaOH. From the initial NaOH concentration of 20 g/L to 80 g/L, the leaching efficiency of arsenic increased significantly from 62.0% to 98.6%, while the leaching efficiency of antimony gradually decreased from 21.4% to 3.5%. The significant increase in leaching efficiency of arsenic was because more OH − reacted with the arsenic of the dust in the same liquid-solid contact surface region, and increased the concentration difference between the surface of the solid particle and the reaction product layer, accelerating diffusion. Meanwhile, the opposite trend for antimony was due to the formation of NaSb(OH) 6 with a low solubility of about 4 × 10 −8 [31] . However, a further increase in NaOH concentration had an adverse effect on the leaching of arsenic, resulting in a decrease in the leaching efficiency of arsenic and a slight increase in the leaching efficiency of antimony. When the NaOH concentration was higher than 80 g/L, the leaching efficiency of arsenic decreased to 88.6%. This might be attributed to the high concentration of Na + having a negative influence on the dissolution of arsenate and the reactions between dissolved lead ions and arsenate ions resulting in formation of insoluble compounds. For selective and effective arsenic removal, the optimum NaOH concentration was selected as 80 g/L and applied for all further experiments.
Strong oxidation conditions are one of the important parameters during the APOL process of present study, mainly because O 2 is the key to achieving the oxidative conversion of arsenic from unstable As(III) to stable As(V). The effect of oxygen partial pressure on APOL process was therefore investigated under the following conditions: NaOH concentration of 80 g/L, liquid-to-solid ratio of 8 mL/g, time of 2.0 h, temperature of 120 • C and stirring speed of 250 rpm. The results in Figure 5b illustrate the effect of oxygen partial pressure in the range from 0 MPa to 2.0 MPa on the leaching efficiencies of arsenic and antimony. It can be seen from Figure 5b that when the oxygen partial pressure was increased from 0 MPa to 1.0 MPa, and then to 2.0 MPa, the leaching efficiency of arsenic increased first from 41.7% to 95.4%, and then decreased to 71.2%. The solubility of O 2 in the solution is mainly determined by oxygen partial pressure. Increasing the oxygen partial pressure within a certain range can significantly increase the oxidation efficiency and accelerate the leaching efficiency of arsenic. On the other hand, increasing oxygen partial pressure can promote the positive movement of Equation (2), so the leaching efficiency of antimony gradually decreased with the increase of oxygen partial pressure within the investigated range. When the oxygen partial pressure was higher than 1.0 MPa, the decrease in leaching efficiency of arsenic was possibly due to the insoluble compounds, which was formed by the reaction between dissolved lead ions and arsenate ions. Therefore, in order to obtain a high leaching efficiency of arsenic, 1.0 MPa was determined to be the optimum oxygen partial pressure. Based on the results of the condition experiments, the optimized conditions of the APOL process were established as: NaOH concentration of 80 g/L, oxygen partial pressure of 1.0 MPa, liquid-tosolid ratio of 8 mL/g, temperature of 120 °C, time of 2.0 h. The optimal experiment was repeated three times, and the results are listed in Table 3 . The optimum conditions selected in this study were limited to the specific arsenic content range of raw materials, which aimed to provide theoretical guidance for the treatment of other arsenic-containing materials in the same way. It was found from Table 3 that the results of the three experiments were basically consistent. The average leaching efficiencies of arsenic, antimony, cadmium, indium, lead and zinc were 95.6%, 5.0%, 0.03%, ,2.3%, 4.4% and 31.8%, respectively. In addition, the XRD pattern of the leach residue shown in Figure 6 indicated that the main mineral phases were NaSb(OH)6, lead sulfide (PbS) and cadmium sulfide (CdS), while the apparent mineral phase of As2O3 disappeared. The element contents of the leach residue under the optimized conditions are listed in Table 4 . This indicated that arsenic in the leach residue was less Liquid-to-solid ratio is a crucial technical and economic parameter in the hydrometallurgy leaching process. The effect of the liquid-to-solid ratio on the APOL process was investigated under the following conditions: NaOH concentration of 80 g/L, temperature of 120 • C, time of 2.0 h, oxygen partial pressure of 1.0 MPa and stirring speed of 250 rpm. The results are shown in Figure 5c . As can be seen, the leaching efficiency of arsenic gradually increased from 56.3% to 70.0% when the liquid-to-solid ratio was increased from 6 to 8. After that, the leaching efficiency of arsenic slightly decreased as the liquid-to-solid ratio increased. It was apparent that when a liquid-to-solid ratio of 8 mL/g was used, the efficiencies of extracting arsenic and antimony were the maximum and minimum values within the investigated range, 70.0% and 4.1%, respectively. A suitable liquid-to-solid ratio is an important precondition for obtaining a high leaching efficiency of arsenic. Increasing the liquid-to-solid ratio under the same NaOH concentration condition is beneficial to sufficiently stirring the solution and reducing the diffusion resistance, and thus obtaining a high leaching efficiency. Therefore, the optimum liquid-to-solid ratio was fixed at 8 mL/g to obtain the maximum leaching efficiency of arsenic.
Leaching temperature is another important factor affecting the leaching process, because the increase of temperature accelerates the chemical reaction kinetics [32] . The effect of leaching temperature on the leaching efficiencies of arsenic and antimony during the APOL process was investigated under the following conditions: NaOH concentration of 80 g/L, liquid-to-solid ratio of 8 mL/g, time of 2.0 h, oxygen partial pressure of 1.0 MPa and stirring speed of 250 rpm. It can be seen from Figure 5d that the leaching efficiency of arsenic increased pronouncedly and gradually reached its maximum of 94.9% with the increase in temperature from 80 • C to 120 • C. Above 120 • C, the leaching efficiency of arsenic showed no significant variations as the temperature increased. Additionally, there was no significant change in the leaching efficiency of antimony in the studied temperature range. Leaching under a high-temperature environment is beneficial to increasing reaction rates, but inevitably leads to greater energy consumption. Therefore, the optimum temperature was determined to be 120 • C to obtain a high leaching efficiency of arsenic while reducing energy consumption. All further experiments were therefore carried out at 120 • C.
The effect of leaching time on the leaching efficiencies of arsenic and antimony during the APOL process was investigated under the following conditions: NaOH concentration of 80 g/L, liquid-to-solid ratio of 8 mL/g, temperature of 120 • C, oxygen partial pressure of 1.0 MPa and stirring speed of 250 rpm. As shown in Figure 5e , the leaching efficiency of arsenic increased significantly from 69.9% to 94.9% in the initial stage of the reaction when the time increased from 1.0 h to 2.0 h, while the leaching efficiency of antimony decreased from 11.5% to 4.0%. The leaching efficiency of arsenic remained almost unchanged with a further increase in time. Suitable leaching time can ensure the high leaching rate and efficiency of the target element. In general, the leaching efficiency is proportional to the leaching time, but the time extension after reaching the diffusion balance will not only reduce production efficiency, but will also result in the leaching of many impurity elements. Considering the maximum selective extraction of arsenic, 2.0 h was selected as the optimum leaching time.
Based on the results of the condition experiments, the optimized conditions of the APOL process were established as: NaOH concentration of 80 g/L, oxygen partial pressure of 1.0 MPa, liquid-to-solid ratio of 8 mL/g, temperature of 120 • C, time of 2.0 h. The optimal experiment was repeated three times, and the results are listed in Table 3 . The optimum conditions selected in this study were limited to the specific arsenic content range of raw materials, which aimed to provide theoretical guidance for the treatment of other arsenic-containing materials in the same way. It was found from Table 3 that the results of the three experiments were basically consistent. The average leaching efficiencies of arsenic, antimony, cadmium, indium, lead and zinc were 95.6%, 5.0%, 0.03%, 2.3%, 4.4% and 31.8%, respectively. In addition, the XRD pattern of the leach residue shown in Figure 6 indicated that the main mineral phases were NaSb(OH) 6 , lead sulfide (PbS) and cadmium sulfide (CdS), while the apparent mineral phase of As 2 O 3 disappeared. The element contents of the leach residue under the optimized conditions are listed in Table 4 . This indicated that arsenic in the leach residue was less than 5.0%, and most arsenic entered the leachate, while antimony, cadmium, lead, zinc and other metals were enriched in different degrees in the leach residue. The leach residue could be returned to a pyrometallurgical process to recover valuable elements. The analytical results confirmed that the selective extraction of arsenic was achieved by the APOL process. 
Purification of Leach Solution
The approach of the APOL process can extract the majority of arsenic from lead smelter flue dust. However, elements such as antimony, cadmium, lead and zinc also partially enter the leachate during the APOL process. To avoid the enrichment of these elements, a metal sulphide precipitation process is performed by adding Na2S, due to the low solubility of metal sulphide precipitates [33, 34] . The purification experiments were conducted under the following conditions: Na2S solution of 0.5 mol/L, water bath temperature of 30 °C. The results are presented in Table 5 . It can be seen that the precipitation rate of arsenic can be controlled to within 10%, while the precipitation rates of lead, zinc and antimony exceed 97.1%, 99.8%, 58.9%, respectively. The deep removal of antimony will be investigated in future research. 
The approach of the APOL process can extract the majority of arsenic from lead smelter flue dust. However, elements such as antimony, cadmium, lead and zinc also partially enter the leachate during the APOL process. To avoid the enrichment of these elements, a metal sulphide precipitation process is performed by adding Na 2 S, due to the low solubility of metal sulphide precipitates [33, 34] . The purification experiments were conducted under the following conditions: Na 2 S solution of 0.5 mol/L, water bath temperature of 30 • C. The results are presented in Table 5 . It can be seen that the precipitation rate of arsenic can be controlled to within 10%, while the precipitation rates of lead, zinc and antimony exceed 97.1%, 99.8%, 58.9%, respectively. The deep removal of antimony will be investigated in future research. 
Causticization Process
A causticization process with CaO powder was performed to obtain calcium arsenate product from the purified leachate [35] . Arsenic is most effectively removed or stabilized when it is presented in the pentavalent arsenate form [36] and arsenic in the alkaline leachate mainly exists in the form of Na 3 AsO 4 and sodium arsenite (NaAsO 2 ). With respect to the safer disposal of the leachate, the causticization process is applied to remove arsenic by combining arsenate ions with calcium ions to form calcium arsenate or calcium arsenite precipitate. The chemical properties of calcium arsenate are more stable than sodium arsenate and the possible reactions during the causticization process are expressed as Equations (3) and (4):
The causticization process not only reduces the potential hazard of arsenic to the environment, but also produces OH − to reduce the consumption of alkali medium in the APOL process. CaO dosage, temperature and time are the main parameters affecting the causticization process. To evaluate the removal rate of CaO towards AsO 3− 4 , the CaO dosage is expressed by the mole ratio of calcium to arsenic (Ca/As). However, it is thought that CO 2 in air may react with the calcium hydroxide solution during the causticization process. The possible reactions of CO 2 are expressed as Equations (5) and (6):
Therefore, the effect of CO 2 on the causticization process was investigated firstly before the condition experiments. The causticization process was carried out in a water bath in air under the following conditions: temperature of 80 • C, time of 2.0 h, Ca/As of 3.0. The XRD pattern of the precipitate shown in Figure 7 indicates that the main mineral phases were calcium hydroxide (Ca(OH) 2 ), calcium carbonate (CaCO 3 ) and calcium fluoride arsenate (Ca 5 F(AsO 4 ) 3 ). There is no apparent mineral phase of calcium arsenate identified from the precipitate. There is no doubt that the presence of CO 2 reduces the efficiency of causticization and the purity of the final product. Hence, the effects of different parameters including CaO dosage, temperature and time on the causticization process were investigated in a vacuum to avoid the negative influence of CO 2 . It is well-known that CaO plays the most important role in the causticization process, because the proper CaO dosage ensures a high precipitation rate of arsenic [12] . The effect of CaO dosage on the causticization process was investigated under the following conditions: temperature of 80 °C, time of 1.0 h. Figure 8a illustrates the effect of CaO dosage on the precipitation rate of arsenic. It can be seen that the precipitation rate of arsenic increased significantly and reached its maximum of 99.4% when the Ca/As was 4.0. Therefore, 4.0 of Ca/As was determined to be the optimum CaO dosage. It is well-known that CaO plays the most important role in the causticization process, because the proper CaO dosage ensures a high precipitation rate of arsenic [12] . The effect of CaO dosage on the causticization process was investigated under the following conditions: temperature of 80 • C, time of 1.0 h. Figure 8a illustrates the effect of CaO dosage on the precipitation rate of arsenic. It can be seen that the precipitation rate of arsenic increased significantly and reached its maximum of 99.4% when the Ca/As was 4.0. Therefore, 4.0 of Ca/As was determined to be the optimum CaO dosage. According to the results of the condition experiments, the optimized conditions of the causticization process were established as: CaO dosage of 4.0, temperature of 80 °C, time of 2.0 h. Under the optimized experimental conditions, the best precipitation rate of arsenic was 99.4%. The filtrate after causticization could be returned to the APOL process to realize the recycling of alkali. The chemical composition and XRD analysis of the precipitate are shown in Table 6 and Figure 9 . The SEM images of the precipitate and the chemical compositions determined by EDS are presented in Figure 10 . As can be seen from Table 6 , the main components of the precipitate were 15.1% arsenic and 34.4% calcium. The results analyzed by XRD and the EDS patterns with the corresponding areas in Figure 10c ,d indicate that the main phases in the precipitate were Ca5(AsO4)3(OH) and Ca(OH)2, in which Ca5(AsO4)3(OH) was the most stable form of calcium arsenate compound. An excessive dosage of CaO can increase the removal rate of arsenic, but inevitably leads to a reduction of Ca5(AsO4)3(OH) purity [37] . However, the reduction in the purity of Ca5(AsO4)3(OH) does not affect the subsequent reduction experiments for producing metallic arsenic, because Ca(OH)2 readily decomposes into CaO at a high temperature. The analytical results confirmed that the precipitation of arsenic was achieved by causticization process. The final product of calcium arsenate could be used to produce metallic arsenic by reduction. Temperature is one of the main factors affecting the chemical reaction, and the effect of causticization temperature on the precipitation rate of arsenic was investigated under the following conditions: Ca/As of 4.0, time of 1.0 h. Figure 8b shows the effect of temperature on the precipitation rate of arsenic. It can be seen that the precipitation rate of arsenic increased significantly and gradually reached 99.3% at 80 • C as the temperature increased from 20 • C to 80 • C. The precipitation rate of arsenic remained almost unchanged with the further increase of time. Therefore, 80 • C was selected as the optimum temperature, and all further experiments were performed at 80 • C.
Time is another important factor affecting the chemical reaction, and a suitable time can ensure the high precipitation rate and efficiency. The effect of causticization time on the precipitation rate of arsenic was investigated under the following conditions: Ca/As of 4.0, temperature of 80 • C. The results in Figure 8c illustrate the effect of time in the range from 0.5 h to 2.5 h on the causticization process. At the initial reaction time from 0.5 h to 1.0 h, the precipitation rate of arsenic increased from 81.6% to 99.3%. A further increase in causticization time had almost no effect on the precipitation rate of arsenic. All further experiments were therefore performed for 2.0 h.
According to the results of the condition experiments, the optimized conditions of the causticization process were established as: CaO dosage of 4.0, temperature of 80 • C, time of 2.0 h. Under the optimized experimental conditions, the best precipitation rate of arsenic was 99.4%. The filtrate after causticization could be returned to the APOL process to realize the recycling of alkali. The chemical composition and XRD analysis of the precipitate are shown in Table 6 and Figure 9 . The SEM images of the precipitate and the chemical compositions determined by EDS are presented in Figure 10 . As can be seen from Table 6 , the main components of the precipitate were 15.1% arsenic and 34.4% calcium. The results analyzed by XRD and the EDS patterns with the corresponding areas in Figure 10c ,d indicate that the main phases in the precipitate were Ca 5 (AsO 4 ) 3 (OH) and Ca(OH) 2 , in which Ca 5 (AsO 4 ) 3 (OH) was the most stable form of calcium arsenate compound. An excessive dosage of CaO can increase the removal rate of arsenic, but inevitably leads to a reduction of Ca 5 (AsO 4 ) 3 (OH) purity [37] . However, the reduction in the purity of Ca 5 (AsO 4 ) 3 (OH) does not affect the subsequent reduction experiments for producing metallic arsenic, because Ca(OH) 2 readily decomposes into CaO at a high temperature. The analytical results confirmed that the precipitation of arsenic was achieved by causticization process. The final product of calcium arsenate could be used to produce metallic arsenic by reduction. 
Leaching Toxicity Analysis of the Resulting Product
The discharge of solid wastes is strictly regulated in China, and the identification standards for hazardous waste-Identification for extraction toxicity (GB 5085. [38] state that the arsenic concentration permitted for discharge is below 5 mg/L. Consequently, leaching toxicity experiments of starting materials, leach residue and precipitate were conducted according to the solid wasteextraction procedure for leaching toxicity-Sulphuric acid and nitric acid method (HJT299-2007) [39] . 
The discharge of solid wastes is strictly regulated in China, and the identification standards for hazardous waste-Identification for extraction toxicity (GB 5085. [38] state that the arsenic concentration permitted for discharge is below 5 mg/L. Consequently, leaching toxicity experiments of starting materials, leach residue and precipitate were conducted according to the solid waste-extraction procedure for leaching toxicity-Sulphuric acid and nitric acid method (HJT299-2007) [39] . The analytical results confirmed that leaching toxicity in the starting material was reduced from 4.05 g/L to 3.78 g/L in the leach residue and then to 10.28 mg/L in the precipitate from the causticization process in vacuum, which demonstrated the feasibility of reducing the leaching toxicity and converting the hazardous waste to general solid waste.
Conclusions
About 95.6% of the arsenic was selectively extracted from lead smelter flue dust by alkaline pressure oxidative leaching under optimized conditions: NaOH concentration of 80 g/L, oxygen partial pressure of 1.0 MPa, liquid-to-solid ratio of 8 mL/g, leaching temperature of 120 • C, leaching time of 2.0 h. Meanwhile, the leaching efficiencies of antimony, cadmium, indium, lead and zinc were at low levels. The leach residue could be returned to pyrometallurgical process to recover valuable elements. The metal sulphide precipitation process was performed for purifying other metal impurities of the APOL leachate. After other metal impurities had been removed from the leachate with the addition of Na 2 S, more than 99.0% of the arsenic was converted into calcium arsenate product and thus separated from the filtrate by causticization with CaO under optimized conditions: mole ratio of calcium to arsenic of 4.0, temperature of 80 • C, time of 2.0 h. The analytical results by XRD and SEM-EDS indicated that the arsenic in the dust was converted into Ca 5 (AsO 4 ) 3 (OH) after the alkaline pressure oxidative leaching, purification and causticization processes. Additionally, the calcium arsenate product will be used for producing metallic arsenic by reduction.
